Bread wheat has a large complex genome that makes whole genome resequencing costly. Therefore, genome complexity reduction techniques such as sequence capture make re-sequencing cost effective. With a high-quality draft wheat genome now available it is possible to design capture probe sets and to use them to accurately genotype and anchor SNPs to the genome. Furthermore, in addition to genetic variation, epigenetic variation provides a source of natural variation contributing to changes in gene expression and phenotype that can be profiled at the base pair level using sequence capture coupled with bisulphite treatment. Here, we present a new 12
Background
Bread wheat has a large complex allohexaploid genome that is 17GB in size and made up from three progenitor genomes (AABBDD). This size makes whole genome resequencing costly 1 . Therefore, a number of genome complexity reduction techniques exist that make re-sequencing cost effective. These include approaches such as: Restriction site Associated sequencing or RAD-seq 2 , involving digesting DNA with restriction enzymes and sequencing a tag for each resulting fragment; transcriptome sequencing, where we sequence cDNA generated from mRNA 3 ; sequence capture, using DNA hybridization to capture specific genome sequences then sequencing the captured fragments. With a high-quality draft wheat genome now available, it is possible to design capture probe sets for tiling evenly across the genome and to use them to accurately genotype and anchor SNPs and CNVs to the genome 4 .
In addition to genetic variation, epigenetic variation also provides a source of natural variability contributing to changes in gene expression and phenotype. The most common form of DNA methylation is 5-methylcytosine, an epigenetic mark found throughout the genome of most eukaryotic organisms. Cytosine methylation has been implicated with orchestrating the structure and function of the genome, regulating chromatin and gene expression and it is found in plants in the context of CG, CHG and CHH 5, 6 . It is thought that cytosine methylation maybe important for plants, providing a mechanism for rapidly adapting to environmental change.
Bisulphite treatment deaminates unmethylated cytosines resulting in conversion from a cytosine to a uracil residue. Therefore, bisulphite treatment in combination with sequencing can identify methylated cytosine residues, an approach termed methylseq 7 . Previously, we used methyl-seq in combination with sequence capture to survey the epigenome in hexaploid bread wheat 8 . An important question now is to understand how methylation varies across a globally diverse collection of wheat germplasm adapted to specific local agricultural niches. However, to apply methyl-seq to this kind of dataset you ideally require both DNA sequence data and bisulphite treated sequence data for each wheat accession otherwise C-T SNPS will be incorrectly classified as unmethylated cytosine sites.
Here, we describe a new wheat capture probe set that is tiled across the hexaploid bread wheat genome. We present a method, based on Agilent SureSelect Methyl-Seq, that will use a single capture assay as a starting point that is sequentially split and used for both DNA sequencing and methyl-seq. We benchmark the approach with the reference accession Chinese Spring and demonstrate its utility with an accession from the Watkins collection.
Results

Design of the wheat capture probe set (Supplementary Figure 1)
Probes were designed to capture a subset of wheat genes totaling 36Mb; 12Mb from each of the three sub-genomes of wheat. The design space was based on the 111Mb of assembled wheat genic sequence previously used for a NimbleGen (Roche) exome capture probe set. The wheat sequence had been processed to remove repetitive sequence, remove chloroplast and mitochondrial sequence, collapse redundant sequence and collapse homoeologous genes into one representative sequence (Gardiner et al. 4 see Figure S1 ). Initially, 120bp sequences were tiled across the 111Mb of genic sequence at 40bp intervals resulting in 2.3 million potential probe sequences. These probes were then annotated with the following information: (i) % alignment to the International Wheat Genome Sequencing Consortium (IWGSC) reference sequence (positional information and gene annotations were also recorded);
(ii) number of homoeologous and varietal SNPs (utilising IWGSC, CerealsDB and the wheat ancestral genomes), to allow discrimination between the wheat sub-genomes and to capture diversity, respectively; and (iii) average depth of coverage of the region obtained in previous sequence capture experiments using NimbleGen probes 4, 9, 10 . These annotations were used to rank the probes and the 'best' 100,000
were selected for the capture probe set. In addition to the genome wide tiling, for genes identified as associated with drought tolerance (Supplementary table 1 11, 12, 13, 14 ) and the NB-ARC conserved domains of nucleotide-binding site leucine-rich repeat (NBS-LRR) disease resistance genes 15 , 120-mer probes were tiled end-to-end across these key sequences to ensure that they were enriched effectively. Finally, a bias for even tiling of probes across the chromosomes was implemented, i.e. where possible there was one probe per assembled contig with additional bias for available surrounding sequence to facilitate effective mapping.
The 120-mer cRNA capture probe or 'bait' sequences were uploaded to Agilent eArray (online custom microarray design tool) to allow submission for manufacture.
Bait 'boosting' was selected to permit excess unused design space (less than 1Mb in this case) to be filled with repeat sequences of baits predicted to perform less efficiently i.e. those with an above average GC content are 'boosted' to ultimately gain even depth of sequence coverage across the target region.
Sequence capture
Using our custom probe set, we follow a SureSelect Methyl-Seq library preparation and hybridisation protocol, however we divide the sample immediately after capture and take one aliquot through Illumina paired-end sequencing protocol and the second aliquot through bisulphite conversion and Illumina paired-end sequencing. In order to assess the quality of the sequencing data generated we also performed standard SureSelect and SureSelect Methyl-Seq enrichments followed by sequencing and compared the output. This splitting after capture methodology allows us to directly compare the genotype and epi-type of the same DNA sample.
Total genomic DNA was extracted from 10-day old Chinese Spring wheat seedlings grown at 22°C. Three 3μg aliquots of the genomic DNA were fragmented to an average size of 200bp and following purification, each aliquot was used as input material in three separate SureSelect target enrichments. For the first enrichment, (i) a standard SureSelect library was prepared using 5 cycles of PCR to amplify the adapter-ligated DNA. 750ng of the pre-capture library was hybridised to 5μl of wheat custom baits. After post-capture washing, the enriched library was amplified (onbead) and indexed using 10 PCR cycles; this is subsequently referred to as nonbisulphite treated full (NBTF). For the second enrichment, (ii) a SureSelect Methyl-Seq library was prepared and hybridised to our custom baits. Following posthybridisation washing, the enriched DNA was eluted from the streptavidin beads, bisulphite treated and amplified using 8 cycles, followed by 6 indexing cycles as per the standard protocol; this is subsequently referred to as bisulphite treated full (BTF).
For the third enrichment ( Figure 1 ), (iii) a Sureselect Methyl-Seq library was again prepared and hybridised as usual but the enriched DNA was eluted from the streptavidin beads in a greater volume of SureSelect Elution Solution -27μl instead of 20μl. At this point the eluted DNA was divided at a ratio of approximately 3:1. 20μl was taken into bisulphite treatment and amplification according to the standard protocol used for (ii); this is subsequently referred to as bisulphite treated split (BTS).
The remaining 7μl of eluted DNA was neutralised by addition of an equal volume of SureSelect Neutralisation Solution, purified and then amplified alongside the bisulphite treated sample using the same SureSelect Methyl-Seq amplification mixture, primers and cycle numbers; this is subsequently referred to as non-bisulphite treated split (NBTS). Enriched libraries were sequenced on an Illumina HiSeq 2500 generating 2 × 125bp paired-end reads. Protocols are described in detail in the Methods section.
Our methodology has no detrimental effect on capture efficiency
Using paired-end sequencing reads to extend into the regions surrounding the capture probes, the mapped space exceeds the capture probe set design of 12Mb by more than 4x and 3x in the data from the non-bisulphite treated and bisulphite-treated samples, respectively. Looking at the non-bisulphite treated datasets, full and split enrichments were highly comparable with neither more than 1.2% from their average sequencing depth of 35.7x, across 51.7Mb of the extended reference bait sequence ( Table 1 ). The depth of coverage across the probe set was summarised for the non-bisulphite treated samples across pseudo chromosomal molecules that were generated using POPseq data 16 and coverage was relatively consistent with most falling into the range 5-70x (Supplementary Figure 2 ). On average, only 6% of baits exceeded 2x the average depth of coverage and ~4% showed an average coverage less than 5x. 97.4% of SNPs were conserved between the full and split samples at positions that were mapped to a minimum depth of 10x per sample (948,282). Similarly, the full and split bisulphite treated samples had an average depth of coverage of 30.6x, with neither more than 0.1% from this average, across 39.7Mb of the extended reference bait sequence.
For the non-bisulphite treated datasets there were 49.4 million sequencing reads in the non-split sample; 73.3% of these reads could be mapped to our reference and 56.2% of these were identified as duplicate reads and removed leaving 32% of reads for analysis. In the split sample, there were 44.8 million sequencing reads; 72.8% could be mapped to our reference with 49.8% identified as duplicate reads leaving a highly comparable 36.6% of reads for analysis.
For the bisulphite treated datasets there were 49.9 million sequencing reads in the non-split sample; 24.2% of these reads could be mapped to our reference and only 10.1% of these were identified as duplicate reads and removed leaving 21.8% of reads for analysis. In the split sample, there were 50 million sequencing reads; 24.2% could be mapped to our reference with 11.3% identified as duplicate reads leaving again a highly comparable 21.5% of reads for analysis.
For the bisulphite treated full and split samples, differential methylation between the A, B and D sub-genomes was recorded using the tool methylKit to identify a minimum difference of 25% and p<0.01 (see Methods). 239,100 residues were available for comparison between the two samples i.e. residues with a depth of 5x or more per sub-genome in both samples. Of these 239,100 residues, only 0.006% showed methylation differences. This methylation between the samples is more similar than that seen between biological replicate samples in our previous studies (<0.09% difference observed 8 ) and highlights our maintained capability to confidently define methylation patterns even after sample splitting. Furthermore, Pearson correlation plots demonstrate high comparability between samples with correlation coefficients consistently at 0.97 when sub-genomes are compared between the full and split datasets ( Figure 2 ).
Mapping the bisulphite treated sequencing reads to the non-methylated chloroplast genome was used to assess bisulphite conversion efficiency i.e. the percentage of cytosine bases that were successfully bisulphite converted 17, 18 . While we did not enrich for chloroplast DNA specifically, a proportion of our off-target sequences mapped to the wheat chloroplast genome. Mapping statistics are shown in Table 2 where a consistently high level of coverage was gained (>350x) and highly comparable conversion efficiencies of 98.73% for the full sample and 98.82% for the split sample were observed.
Demonstrating the utility of this method and capture probe set using a diverse wheat landrace
Our split after capture protocol was followed exactly as per for Chinese Spring to generate a bisulphite treated split (BTS) and non-bisulphite treated split (NBTS) library, however this time for a line from the Watkins bread wheat diversity collection that was chosen at random (line 1190103). Enriched libraries were sequenced on an Illumina HiSeq 4000 generating 2 × 125bp paired-end reads and sequencing reads were aligned to the mapping reference as per the methodology for Chinese Spring.
The split bisulphite treated sample had an average depth of coverage of 42.4x across 42.3 Mb of the extended reference bait sequence while the split non-bisulphite treated sample had an average depth of coverage of 66.7x across 51.1 Mb (Table 3 ). This is highly comparable to the mapping coverage generated by Chinese Spring (39-54 Mbp mapped), therefore the capture probe set can successfully enrich diverse wheat landraces that are thought to show a high SNP density compared to the reference accession Chinese Spring that is the basis of the capture design.
SNPs were defined for the non-bisulphite treated dataset yielding 2,022,551 SNPs at a minimum of 10x. Of these SNPs, 672,949 were C T or G A SNPs that could be incorrectly classified as unmethylated cytosine sites if they were unidentified. Furthermore, 779,185 SNPs resulted in a C/G residue in the Watkins line where there was an A/T previously and these represent key missed opportunities where accession specific methylation, from accession specific cytosine residues that deviate from the reference sequence, may not have been previously analysed and therefore identified.
The bisulphite treated sequencing data enables the analysis of 5,962,239 cytosines that show sequencing coverage at a minimum of 10x that is sufficient for accurate methylation calls; correction of the reference sequence for this Watkins line using the 672,949 C/G T/A SNPs has the potential to eliminate up to 11.3% of these calls that were likely to be inaccurate and correction of the reference sequence using the 779,185 A/T C/G SNPs would increase the cytosine set for analysis by approximately 1/5th. This analysis demonstrates the utility of the capture probe set to enrich a diverse wheat accession that is likely to show a high SNP density compared to Chinese Spring while also quantifying the extent of the problems that we may encounter by not genotyping while we epi-type i.e. define how many residues could be given false positive methylation calls due to SNPs.
Discussion
Here, we describe a new wheat capture probe set that is tiled across the hexaploid bread wheat genome. This capture probe set is evenly tiled across the genome and enriches typically over 4x the probe design space. It can be effectively utilised to survey and observe genome wide trends in wheat from a genotypic or epigenetic perspective. Furthermore, it can successfully enrich DNA from a diverse wheat accession from the Watkins landrace diversity collection despite it being designed based on the reference variety Chinese Spring.
Using this probe set, we present a method, based on Agilent SureSelect Methyl-Seq, that will use a single capture assay as a starting point that is sequentially split and used for both DNA sequencing and methyl-seq. This method is applicable to any organism of interest and therefore has a much wider usage potential than the use on wheat that we demonstrate here as an example. Understanding variation across populations is a common scientific question and we want to understand how methylation changes across a globally diverse collection of wheat germplasm using methyl-seq therefore we will require both DNA sequence data and bisulphite treated sequence data for each wheat accession otherwise CG-TA SNPS will be incorrectly classified as unmethylated cytosine sites. Furthermore, looking at a diverse landrace from the Watkins collection, this problem had the potential to affect 11.3% of sites, therefore this issue is of high priority to address. Moreover, correction of the reference sequence using A/T C/G SNPs could increase the cytosine set for analysis by 1/5 th yielding further benefit to analyses.
With a single Agilent SureSelect capture reaction costing in excess of £500 (probe set plus capture reagents based on purchasing a set of 16), by utilising a single capture for both genotype and epigenetic analysis, we can cut these considerable costs. These savings are in addition to the reduction in staff labour costs associated with performing a lower number of capture reactions. Furthermore, there is an additional benefit to performing only one capture reaction to generate genotype and epigenetic information if the DNA quantity that is available for an individual sample is restricted.
Software has been developed to allow sample genotyping directly from bisulphite treated sequencing data and although this would reduce costs, removing the need for both DNA sequence and bisulphite treated sequence data, this method depends heavily on having sequence information for both DNA strands in the effort to discriminate C-T SNPs. Here, we profile methylation in only one strand of DNA, and as such this requirement for both strands would double the probe capture space and increase sequencing and probe costs. Furthermore, due to the high complexity of genotyping directly from the bisulphite treated sequencing data, such methodologies are highly error prone with reported false positive/false negative SNP calling rates ranging from 15% to upwards of 50% 19 . We, therefore present a gold standard methodology to ensure highly accurate SNP calls and following on from this high quality methylation calls.
Conclusions
If we wish to accurately profile DNA methylation in diverse wheat lines, then it is advantageous to also generate genotype information. Here, we describe a new capture probe set that is tiled across the hexaploid bread wheat genome and can be effectively utilised to survey genome wide trends in wheat from a genotypic or epigenetic perspective. Furthermore, we present a cost-effective method for performing both DNA sequencing and methyl-seq from a single capture reaction thus significantly reducing reagent costs and DNA requirements. Each aliquot of purified fragmented DNA was used as input material for standard SureSelect library preparation or SureSelect Methyl-Seq library preparation as described below. 
Methods
Genomic DNA extraction and QC
Standard SureSelect target enrichment
SureSelect Methyl-Seq Target Enrichment
A SureSelect Methyl-Seq library was prepared and hybridised by following the manufacturer's instructions in the SureSelect XT Methyl-Seq Target Enrichment System for Illumina Multiplexed Sequencing Protocol; Version C.0, January 2015 (Agilent Manual Part Number G7530-90002). The guide was followed from endrepair onwards, and again AMPure XP beads were replaced by AxyPrep Mag PCR Clean-Up beads. Quality assessment after end-repair was omitted since the DNA had already been analysed immediately after fragmentation.
Following methylated adapter ligation, the DNA was purified with elution in 25μl of nuclease-free water. The DNA size distribution was assessed on a Bioanalyser high sensitivity DNA chip and the library found to have a peak size of approximately 250bp and an average fragment size of 300bp. DNA concentration was determined by Qubit double-stranded DNA high sensitivity assay. The total yield of methylated adapter-ligated DNA was approximately 1.3μg and all of this was concentrated as previously described, reconstituted in 3.4μl of nuclease-free water and then used in the hybridisation step. The latter was conducted as described in the Agilent Manual but the Human methyl-seq capture library baits were substituted by 5μl of our 12Mb wheat-specific SureSelect baits. After approximately 20 hours at 65°C, bait/target hybrids were bound to streptavidin beads. Following post-capture washing, the bead- 
Modified SureSelect protocol
A SureSelect Methyl-Seq library was constructed and hybridised exactly as described in the previous section. Based on quantification obtained by Qubit double-stranded DNA high sensitivity assay, 1.2μg of methylated adapter-ligated DNA was obtained at the end of pre-capture library preparation. As previously, the DNA fragments 
Mapping reference sequence
The 12Mb of probe sequences align uniquely to 52,143 of the IWGSC reference gene contigs yielding partial representation of each. Utilising paired-end sequencing reads it is possible to extend the 120bp sequence that is captured by each probe to include surrounding regions. In previous studies this resulted in up to a 4x extension of coverage from the initial capture probe set. As such, in this case we anticipated capturing up to 48Mb per wheat sub-genome i.e. 144Mb overall. This necessitated a reference sequence that was constructed using the probes plus surrounding contiguous DNA sequence. These extended reference contigs ranged from 360bp-13168bp with a median length of 783bp. Therefore, in this study the total size of the mapping reference was ~82.5Mb per sub-genome.
Standard mapping pipeline
All mapping analyses of non-bisulphite treated samples were carried out using BWAmem (version 0.7.10). Paired-end reads were mapped as fragment reads due to short reference contigs and only unique best mapping hits were taken forward 20 .
Mapping results were processed using SAMtools; any non-uniquely mapping reads, unmapped reads, poor quality reads (<10) and duplicate reads were removed 21 . SNP calling in diploid datasets was carried out using the GATK Unified genotyper (after Indel realignment), which was used with a minimum quality of 50 and filtered using standard GATK recommended parameters, a minimum coverage of 5 and homozygous SNPs only were selected 22 . For polyploid datasets SAMtools mpileup was implemented with the SNP caller VarScan, to identify positions containing an alternate allele, with a minimum coverage of 5, an average mapping quality above 15 and a MAF of greater than 0.1 23 .
Mapping of bisulphite treated DNA samples
The sequencing datasets for the samples were mapped to the extended probe sequence using Bismark, an aligner and methylation caller designed specifically for bisulphite treated sequence data. Sequencing reads were mapped as fragment reads rather than paired-end; a mismatch number of 3 was used and the non-directional nature of the library was specified 24 . The Bismark methylation extractor tool was then used to identify all cytosine residues within the mapping and categorize the reads mapping to them as un-methylated or methylated at that position while also detailing which type of potential methylation site was present (CHH, CHG or CpG). The mapping results were also processed for SNP calling using the standard polyploid pipeline described above.
Determining a reference homoeologous SNP list
A reference homoeologous SNP list was determined across the 82.5Mb mapping reference using the same methods detailed by Gardiner et al. 8 . Firstly, the wheat ancestral genomes were aligned to the 82.5Mb reference to identify homoeologous SNPs directly. Secondly, non-bisulphite treated Chinese Spring sequencing reads were aligned to the IWGSC reference sequence to determine a genome of origin (only perfect and unique hits to one or two genomes were used). These genome assigned reads were then aligned to our single 82.5Mb reference sequence, which is representative of the 3 sub-genomes, allowing the discrimination of homoeologous SNP positions. SNP calling for polyploid datasets was carried out as previously described. Using genome assigned reads allowed us to match up the alleles at SNP locations with the contributing wheat sub-genome to define an additional homoeologous SNP list.
Association of cytosine residues with the reference homoeologous SNP list
SNP positions were identified in the enriched hexaploid wheat bisulphite treated sequencing dataset using the standard polyploid pipeline. Reads mapping to these SNP positions therefore have sufficient depth and average mapping quality overall and one or more alternate allele present. Those positions that could also be found in the homoeologous SNP list were selected for further analysis i.e. homoeologous SNPs within the treated data. Any sequencing read with a mapping quality over 20, containing a cytosine residue methylation status calculated by Bismark, plus a homoeologous SNP allele, can be identified. Its SNP allele can be matched to a subgenome therefore associating methylation status of that cytosine residue with a wheat sub-genome. For each cytosine position a summary of the number of reads hitting it for each sub-genome and whether or not these reads are methylated can be produced.
Implementation of methylkit
The software methylKit 25 was used to identify regions of differential methylation. Our summary of each cytosine position plus the number of reads hitting it for each subgenome and whether or not these reads are methylated can be formatted and used directly as input for such analysis. Variation or differential methylation was recorded between the split and non-split bisulphite treated samples per sub-genome of wheat i.e. pairwise comparisons were between sub-genome A-A, B-B and D-D. Due to the use of pairwise comparisons the Fisher's exact test was used to discriminate statistically significant differences (p < 0.01 and methylation difference of ≥ 50%).
Construction of pseudo chromosomes from capture design contigs
We made use of 21 wheat chromosomal pseudomolecules that were created by organising and concatenating the IWGSC CSS assemblies using POPSEQ data 16 .
BLASTN was used to place the extended probe sequences onto these chromosomal pseudomolecules (E-value cutoff 1e-5, minimum sequence identity 90 and minimum length of 100bp) 26 . Relative positions for the capture design contigs along the chromosomal pseudomolecules could then be used to order them into our POPSEQ based pseudo-chromosomes. We desired 7 POPSEQ based pseudo-chromosomes, as per our capture probe set, that were representative of the 21 wheat chromosomes.
Therefore the order of the capture design contigs along genome B's chromosomal pseudomolecules 1-7 was preferentially utilised since the greatest number of contigs could be aligned to these sequences and therefore included (83%). Bait/target hybrids were bound to streptavidin beads, which were then washed to remove nonspecifically bound DNA fragments. Target enriched DNA was eluted from the streptavidin beads and the eluate divided;~¾ of the eluate was bisulphite converted and then amplified,~¼ was neutralised, purified and then amplified. The quality of the purified libraries was assessed prior to sequencing. Individual samples are labelled diagonally through the middle of the plot, this diagonal axis acts as a mirror image division; comparative correlation plots lie to the left of the axis at the intersection between the two samples, with the corresponding correlation coefficient for the plot to the left of the axis at the intersection between the two samples. Detailing the mapping output statistics for the two enriched wheat DNA samples, NBTF and BTF (nonbisulphite treated and bisulphite treated) that were taken through separate capture reactions and the two samples that were split and one bisulphite treated while the other was non-bisulphite treated after a single capture (NBTS and BTS). Mapping statistics are in relation to the 82.5Mb mapping reference Detailing the mapping output statistics for the bisulphite treated enriched wheat DNA sample, BTF, that was taken through an individual capture reaction and the sample that was split after capture and bisulphite treated (BTS). Mapping statistics are in relation to the chloroplast genome mapping reference 
